Introduction
Development of high Mn alloy steel has exhibited noticeable product performance such as high tensile strength and prominent ductility, which has attracted attention in automotive and offshore industries. 1, 2) Additionally, the addition of Al into high Mn steel has shown the extraordinary mechnical properties since it is indispensable to increase the stacking fault energy and suppress delayed fractures in the press-formed parts of twin-induces plasticity (TWIP) steel. [3] [4] [5] However, a range of issues with the poor casting performance are found during casting process due to the interfacial reaction between molten steel and mold flux, which changes slag composition and deteriorates lubrication and heat transfer between solidifying shell and mold, inducing severe depressions, cracks, and even breakout. [6] [7] [8] [9] Recent studies focusing on the reaction mechanism between the conventional CaO-SiO 2 type mold flux and molten steel with high contents of Mn and Al have noted that the concentration of Al in the steel has the most significant influence on the interfacial reaction, resulting in the Al 2 O 3 accumulation in the mold flux. 6, 10, 11) Therefore, intensive trials and optimizations have been carried out to cope with this problem through the addition of fluxing
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agents like B 2 O 3 , Li 2 O, etc. based on CaO-SiO 2 slag system with low basicity and viscosity. [12] [13] [14] [15] He et al. 16) suggested that the addition of MnO could suppress the reduction of SiO 2 and stabilize the basicity of slag. Conversely, Blazek et al. 17) reported, based on the detection of the composition changes of mold flux, that increasing the MnO content would lead to further intensified metal/slag reaction. On the other hand, considerable efforts have been made to optimize the non-reactive CaO-Al 2 O 3 type mold flux which shows the potential to moderate the metal/slag interaction and control the initial heat flux. 8, [18] [19] [20] [21] However, severe casting problems such as unstable heat transfer and inadequate lubrication are not resolved simultaneously by using both types of mold flux. Previous studies have made the task of understanding reaction mechanism between Al-containing steel and silicate slags. Nevertheless, fundamental research on interaction phenomena between high Mn steel and limesilicate based mold flux is scarce. Moreover, the effect of MnO accumulation coupled with SiO 2 reduction on mold flux properties has not been reported.
In the present work, a series of laboratory experiments were carried out to elucidate the reaction mechanism between high Mn steel and CaO-SiO 2 based mold flux, and the effect of various factors on the reaction was examined. The changes in viscosity and crystallization behaviors of mold flux during the reaction were investigated by employing various techniques, such as rotating viscometer, dif-ferential scanning calorimetry (DSC), X-ray diffraction (XRD), and scanning electron microscope equipped with energy dispersive X-ray spectroscopy (SEM-EDS). In addition, the heat transfer experiment was carried out to confirm the evolution of crystallization ability of mold flux. The results obtained in this article aims to clarify reasons for the deterioration of mold flux performance during casting process, and provide guideline for the further optimization of mold flux used for high Mn steel casting.
Experimental

Sample Preparation and Reaction Experiment
A schematic diagram of the experimental apparatus is shown in Fig. 1 . The samples in the crucible were heated in a resistance furnace under an Ar gas atmosphere. The MgO crucible with inner diameter of 45 mm, outer diameter of 50 mm and overall height of 100 mm was chosen for the present experiment in consideration of its chemical stability and thermal shock property.
7) The graphite crucible was used to conduct heat evenly and prevent the oxidation of the molten steel, as shown in Fig. 1(a) . Initial compositions of steel and mold flux samples used in this study are listed in Tables 1 and 2, respectively. All slag samples were prepared using analytical grade reagents CaO, SiO 2 , Al 2 O 3 , MgO, CaF, MnO, and Na 2 CO 3 , which were melted in a graphite crucible at 1 773 K for 300 seconds to homogenize the chemical compositions and eliminate bubbles. Then, the mold flux was cooled, crushed, and grounded into powder for the following steel-slag reaction. During the experiment, about 400 g of steel sample was heated to 1 873 K and the temperature was maintained for 10 minutes. The initial steel sample was taken through a quartz tube after the homogenization of the steel. Then, the premelted slag (35 g) was added on the surface of molten steel and started the time. The flux samples were taken periodically up to 30 minutes and were rapidly quenched into water. After performing the experiment, both metal and slag samples were sent for chemical analysis.
Viscosity and Crystallization Analysis
In the present work, four types of mold flux representing the different stages of composition evolution were prepared for studying the variation of slag properties during the reaction experiment based on the results obtained, as given in Table 3 . Furthermore, a series of experiments with the conditions listed in Table 4 were conducted to compare and evaluate the effects of basicity and MnO content on the crystallization temperature.
A rotating viscometer was used to measure flux viscosity at 1 573 K and viscosity-temperature curve. For each measurement, firstly about 140 g of slag sample was melted in a graphite crucible at 1 573 K, and then the Mo alloy spindle with 200 rpm rotating speed was put into the slag and kept for 10 minutes in order to obtain stable data. Finally, the sample was cooled at a cooling rate of 10 K/min to its breaking temperature.
Non-isothermal crystallization characteristics of mold flux were investigated by employing Netzsch STA 449C TG-DSC technique. Approximately 60 mg of sample powder was heated at a constant heating rate of 20 K/min from room temperature to 1 573 K in a platinum crucible, where Ar gas with flow rate of 50 mL/min was blown for keeping the reduction atmosphere. After that, the melting sample was cooled to 873 K with the cooling rate of 10 K/min, which was simulated the cooling history of slag layer in the interfacial gap. 22) Since the flux samples after DSC measure- ments were small, a series of similar quenching experiments were carried out to prepare mold flux samples for XRD and SEM-EDS analysis. Powder x-ray diffraction measurements were carried out on an X'Pert Pro (Panalytical) X-ray diffractometer equipped with a graphite monochrometer using Cu-Kα radiation with a scanning rate of 2 deg/min. The microstructure and crystal compositions of samples were examined by ZEISS EVO MA18 equipped with an EDS. The schematic diagram of heat transfer experiments is shown in Fig. 1(b) . For each experiment, about 300 g of slag sample was melted in a graphite crucible at 1 673 K and kept for 30 minutes. Then, the copper column with cooling water was inserted into the liquid slag. The water temperature difference between inlet and outlet was recorded, which is used to calculate the heat flux across slag film based on Eq. (1). (1) where, q is the heat flux across mold flux film in W/m 2 , v is the flow rate of cooling water in mL/min, C is the specific heat capacity of cooling water in J/(kg·K), ΔT is the temperature difference of cooling water between inlet and outlet in K, and A is the effective area of heat transfer on copper column in m 2 .
Results and Discussion
Composition Evolution of Mold Flux
The composition changes of mold flux during the reaction with high Mn molten steel were investigated. Different compositions of molten steel and mold flux investigated are listed in Tables 1 and 2 . Figure 2 shows compositon evolution during the reaction bewteen mold flux (M1) and steel (S3) at 1 873 K as a reference for other runs. The content of SiO 2 and MnO in mold flux rapidly changes within 12 minutes of the reaction as given in Fig. 2(a) . At the same time, the content of Si and Mn in steel changes in opposite trends as seen in Fig. 2(b) . The reaction taking place at the metal/slag interface focuses on the oxidation of Mn by SiO 2 , which results in MnO accumulation coupled with SiO 2 reduction in mold flux. Besides, the minor increase of Fe x O in mold flux was observed simultaneously. This indicates that Fe in the molten steel also oxidizes as Mn does, but the reaction is not significant. It is noted that MgO continuously increases throughout the reaction time because of the erosion of the crucible. As expected, the volatile component fluorine decreases with increasing time, while other components in the flux do not show any noticeable change.
As the experimental results obtained above, the reaction bewteen Mn and SiO 2 has the most significant influence on composition evolution of mold flux and then changes its physical properties. Therefore, various factors which may affect the concentrations of MnO and SiO 2 in mold flux, [Mn], (CaO/SiO 2 ), and (MnO) were examined. Figure 3 shows the changes in the content of SiO 2 and MnO in mold flux that reacts with molten steel containing 5, 10, and 18 mass% Mn, respectively. The amount of SiO 2 decreases rapidly, while the MnO content increases drastically before the dynamic equilibrium reaction. As the initial [Mn] increases, the reduction rate of SiO 2 and the oxidation rate of Mn are both remarkably fast, and it takes more time to reach dynamic equilibrium. These observations suggest that the Mn content in molten steel is a critical factor for the control of MnO accumulation in the present study.
Since SiO 2 in mold flux is a major oxide to react with Mn in molten steel, the effect of initial (CaO/SiO 2 ) has been investigated and the results are shown in Fig. 4 . Mold flux M1 with basicity of 0.8 is one of the currently used commercial mold slags for low carbon steels casting, and mold fluxes M4 and M5 are adjusted to the aim CaO/SiO 2 ratios (0.4, 1.2), respectively. It was found that about 17% MnO formed during the reaction between molten steel (S3) and mold flux (M4) with CaO/SiO 2 ratio of 0.4. The accumulation of MnO decreases with increasing slag basicity, but this trend slows down. In case of mold flux (M5) with CaO/ SiO 2 ratio of 1.2, MnO concentration was still 10.4% after 30 minutes of reaction. This implies that the further increase of slag basicity could not suppress the slag/steel reaction effectively. Since MgO acted as basic component in mold flux increases as much as 6 to 7% for 30 minutes of reaction due to the erosion of MgO crucible, mold flux M6 with 9% MgO was used to examine the influence of MgO on the reaction, as shown in Fig. 5 . There is about 4.6% increase in MgO content in mold flux M6, which is lower than that in sample M1. However, the extent of MnO accumulation is similar to each other when the steel (S3) reacted with mold slags (M1) and (M6), respectively. As the increase of MnO seems not to depend on MgO concentration, the slightly lower accumulation of MnO in mold flux M6 may be mainly due to the decreasing SiO 2 content when the CaO/ SiO 2 ratio is fixed at 0.8.
In view of the possibility of the reverse reaction, the effect of MnO concentration in mold flux was examined. Figure 6 shows the evolution of compositions of SiO 2 and MnO in mold flux is in a function of reaction time as the initial (MnO) is different. The SiO 2 reduction seems less sensitive to the (MnO) in molten flux and the extent of MnO accumulation looks almost similar to each other. Therefore, the reverse reaction may have a slight influence on MnO accumulation and SiO 2 reduction in the present study. In other words, the initial concentration of MnO in mold flux is a minor factor to control the interfacial reaction, in contrast with [Mn] and (CaO/SiO 2 ).
A kinetic analysis has also been conducted to facilitate understanding the effect of the changes in the composition of the steel and slag phases on the interfacial reaction rate. According to the two-film theory, 
Variations of Viscosity and Break Temperature
As seen in Fig. 2 , the amount of SiO 2 was significantly reduced by Mn in molten steel, and MnO was accumulated in mold flux as a result of the chemical reaction. In order to clarify the variations of slag properties during this reaction, four types of mold flux representing the different stages of composition evolution, were prepared according to the results obtained experimentally, as listed in Table 3 . The viscosities at 1 573 K and viscosity-temperature curves of these mold fluxes are shown in Fig. 8 . It can be seen that viscosity decreases continuously from 0.391 Pa s to 0.142 Pa s during the reaction process due to the accumulation of MnO and the reduction of SiO 2 in molten flux. It is known that the increase of O 2 − in molten slag will decrease the degree of polymerization of silicon-oxygen anion groups, and the decrease of [SiO 4 ] 4 − is also in favour of reducing the activation energy of viscous flow.
24) Viscosity gradually increases with decreasing temperature, and this tendency is weakened as the MnO content increases. There is a drastic increase of viscosity at the break temperature, which is referred to as the solidification temperature. 25) Mold flux with low solidification temperature is useful for the lubrication in continuous casting mold because it implies more thick liquid slag film and high mold powder consumption. 24, 26) However, the falling break temperature may also reduce solid slag film thickness in the meniscus resulting in lower thermal resistance and excessive heat transfer rate from solidified shell to mold wall.
Crystallization Behavior of Mold Flux
The crystallization characteristics of mold fluxes in this work were studied by using non-isothermal DSC. Figure 9 shows the DSC curves of mold fluxes at the cooling rate of 10 K/min. It can be seen that two exothermic peaks on DSC curves of mold fluxes M1, NM2, and NM4 were detected, whereas there were three exothermic peaks for mold flux NM3. These results suggest the presence of two-stage crystallization in mold fluxes M1, NM2, and NM4, while three successive crystallization events occur in mold flux NM3 during continuous cooling process. This reveals that the MnO accumulation coupled with SiO 2 reduction has strong effect on crystallization behavior. As shown in Fig. 9 , the third exothermic peak for mold flux NM3 and the second exothermic peak for mold flux NM4 on DSC curves are small, which means that the corresponding crystallization is weak. Comparing with the mold flux NM3, the higher content of MnO in mold flux NM4 may restrain the formation of the third exothermic peak. It is indicated that MnO tends to suppress the mold flux crystallization due to the formation of complex network structure.
27)
The crystallization temperature of the first crystalline phase precipitated in mold flux, which corresponds to the onset temperature of exothermic peak on DSC curve in continuous cooling process, is defined as the crystallization temperature of the mold flux.
18) As shown in Fig. 9 , the crystallization onset temperature increases slightly at first with the increase of CaO/SiO 2 ratio and MnO content, and then decreases with the further increase of CaO/SiO 2 ratio and MnO content. Therefore, the coupled effects of SiO 2 reduction and MnO accumulation will induce irregular crystallization ability of mold flux during the reaction process. To make clear comparison and evaluation between influence of basicity and MnO content on the crystallization temperature, additional experiments were conducted with the conditions listed in Table 4 , and the results are shown in Fig. 10 . It can be seen that the crystallization temperature increases with basicity of mold fluxes, while MnO tends to reduce the crystallization temperature of mold fluxes, which is consistent with previous findings. [28] [29] [30] For the mold flux basicity of 0.927, the increasing extent in crystallization temperature drops from 40 K without MnO to 21 K with 13.71% MnO. Meanwhile, there are at least 70 K declines in crystallization temperature when the MnO content increases from 0% to 13.71%. Thus, the crystallization temperature of mold flux is much influenced by the rapid MnO accumulation in this work.
In order to identify the crystalline phase precipitated in mold flux, the samples were quenched at the desired target temperatures, which are determined based on the crystallization peak temperatures of each phase on DSC curves, and the XRD patterns are shown in Fig. 11 . The desired target temperatures and XRD results are summarized in Table 5 . It can be seen clearly that cuspidine Ca 4 Si 2 O 7 F 2 as the first crystalline phase exists in all mold flux samples. The DSC results show two exothermic peaks on DSC curves for the mold fluxes M1 and NM2 as shown in Fig. 9 . The crystalline phase corresponding to the second exothermic peak was identified as fluorite CaF 2 crystal. For mold flux sample NM3, with MnO content increasing to 9.56%, tephroite Mn 2 SiO 4 was found as shown in Fig. 11(c) . Further increasing MnO concentration, CaF 2 phase disappeared and the number of Mn 2 SiO 4 crystals shown in Fig. 11(d) increases. These results indicate that cuspidine crystals precipitate first during continuous cooling process, and its crystallization temperature increases with the increasing basicity of mold flux when the content of MnO is low. When the amount of MnO was at a relatively high level, the effect of basicity on crystallization ability of mold fluxes may become weaker, which leads to the decrease of crystallization temperature. In view of kinetics consideration, the addition of MnO would weaken the crystallization of mold flux by increasing the activation energy of crystallization. Figure 12 shows the SEM images for mold fluxes after continuous cooling experiments at the cooling rate of 10 K/min. It has been confirmed that there were two kinds of crystalline phases, cuspidine and fluorite as shown in Figs. 12(a) and 12(b), by combining EDS results with XRD patterns. The morphology of cuspidine is faceted or rod like with regular spacing between the adjacent crystals, which composes a dendritic shape in mold fluxes M1 and NM2. A small amount of non-faceted CaF 2 crystals sandwiched between Ca 4 Si 2 O 7 F 2 crystals is observed. As the content of MnO increases, the micro tephroite crystals are formed in 27) This is the reason why the increase in MnO content reduces the number of cuspidine crystals precipitated during continuous cooling. Additionally, the morphology of cuspidine crystals shows a large size of block that connects with each other. This result is consistent with the study regarding the effect of basicity on cuspidine morphology in lime-silica-based mold flux.
29)
As mentioned above, the compositional change of mold slag during the interfacial reaction is beneficial for slab lubrication in continuous casting mold. On the other hand, the coupled effects of MnO accumulation and SiO 2 reduction on crystallization ability of mold flux will deteriorate heat transfer between solidified shell and mold wall. Figure  13 shows the measured heat flux history for the four types of mold flux. Heat flux curves rise sharply within the first 10 seconds because of the wide temperature difference between mold flux and copper colomn. The descent heat flux reflects the increasing thickness of solid slag film, which tends to be stable after 20 seconds. The solid slag layers obtained in heat transfer experiments are shown in Fig. 14 . It can be seen that glassy state formed on the Cu column side in all flux samples due to the high cooling rate. Since the cooling rate slowed down with increasing glassy layer, the crystalline phase precipitated on the slag side. The formation of glassy state due to the fast air cooling during removing process is not considered in this study. Figure 15 shows the crystalline structure for these slag layers. There is a multiple layered structure in the flux film M1 corresponding to different cooling rates, including the large dendrites close to the glassy layer, uniform crystal grains in the middle, and small crystal particles on the hot side. Mold flux NM2 also shows an obvious layered structure, but the crystals are irregular in formation, especially on the cold side. It indicates that the addition of MnO affects the precipitation behavior of mold flux, but has not yet change the crystalline structure. As the MnO content increases, the layer structure disappears gradually in slag films NM3 and NM4, where large size crystals connect with each other irregularly. This is consistent with the observation in Fig. 12 , where cuspidine crystals tend to be bulky and decreasing with the increase of MnO content, which causes higher heat flux in slag film.
The heat flux and slag layer thickness are summarized in Table 6 . The maximum and average heat flux represents the heat transfer capability of liquid slag and overall layers, respectively. It is found that both heat fluxes and total slag film thickness of mold fluxes M1 and NM2 are similar to each other. Since the content of MnO increases, the heat flux presents a distinct increase as shown in mold fluxes NM3 and NM4 while the thickness of solid slag film decreases from 1.94 mm to 1.48 mm, where the glassy layer continues to increase. This result confirms that MnO accumulation is favorable for improving the glass transition ability and weakening the crystallization ability of mold flux. It should be noted that the extent of MnO accumulation coupled with SiO 2 reduction after the reaction is unstable during the casting of high Mn steel, which determines different lubrication and crystallization behaviors of mold flux in the mold. The present work aims to clarify reasons for the deterioration of mold flux performance during casting process in order to guide the development of mold flux used for high Mn steel casting.
Conclusions
A series of laboratory experiments were carried out to elucidate the reaction mechanism between high Mn steel and CaO-SiO 2 based mold flux, and the effect of various factors on the reaction was examined. The changes in viscosity and crystallization behaviors of mold flux during the reaction process were also evaluated. The results of this study can be summarized as follows:
(1) The initial [Mn] is a critical factor to govern the reaction between molten steel and mold flux. Increasing the basicity of mold flux can inhibit the reaction to some extent. On the other hand, the reverse reaction may have slight influence on MnO accumulation and SiO 2 reduction.
(2) During the reaction process, both viscosity and break temperature of mold flux continuously decrease. Crystallization temperature increases firstly and then decreases with the further increase of CaO/SiO 2 ratio and MnO content of mold flux.
(3) The number of cuspidine crystals that precipitate first in all mold flux samples decreases with MnO accumulation and SiO 2 reduction. When the amount of MnO is at a relatively high level, the micro tephroite crystals are formed, while CaF 2 crystals gradually disappear. The morphology of cuspidine changes from faceted with regularity to blocky with larger size. The heat flux is getting higher with MnO accumulation in mold flux due to the weakening of crystallization ability. 
